In axial flow compressor, blade surface roughness is affected by many failure modes such as fouling, erosion, corrosion and foreign object damage. But with development of filter performance, particles with diameter larger than 2 μm cannot enter into compressor, so fouling is the most important influence factor which results in the variation of surface roughness. This study respectively discusses the effect of surface roughness on performance parameter when surface roughness is constant and linearly distributed. Finally, based on experiment result, reverse design method is applied to reconstruct the fouled compressor by combining laser triangulation sensor with compressor fouling test rig and then reconstructed solid model is imported into ANSYS CFX to simulate flow field. Result shows that the increase of surface roughness results in the decrease of pressure ratio, mass flow and efficiency.
INTRODUCTION
Axial flow compressor is an important device in gas turbine plant because it consumes a large portion of the total turbine work. Many researches found that approximately 50 to 60% of the total work produced in the turbine is consumed by its axial flow compressor. So maintaining high compressor efficiency is important for the plant.
In many failure modes of axial flow compressor, blade surface roughness is affected by fouling, erosion, corrosion or FOD (Foreign Object Damage). At present, because of high performance filters mounted in inlet, particles with diameter greater than 2 μm are prevented from entering into compressor. In general, particles with diameter smaller than 10 μm may cause fouling, but not erosion. Smaller particles (including dust, unburned hydrocarbons and insects) can be deposit on blade surface to form fouling when lubricating oil and water is existed simultaneously. Fouling changed compressor blade geometry and increased surface roughness so that influenced its aerodynamic performance. So, fouling is most important influence factor which results in the variation of surface roughness.
Experience has shown that axial compressors will foul in most operating environments. There are many industrial pollutants and all kinds of environmental conditions that play an important role in the fouling process. Compressor fouling is typically caused by (Table 1) :
• External contaminants • Internal contaminants o Internal gas turbine oil leakage from the front bearing of the axial compressor is a common cause. Oil leaks combined with dirt ingestion causes heavy fouling problem o Impure water from evaporative coolers o Vapor plumes from adjacent cooling towers o Corrosion and erosion of filter panel Because gas turbine ingest extremely large quantities of air, study found that at a 10 ppm foul ant loading rate, 204 tones of foul ant would be ingested which reduced performance parameter such as mass flow, efficiency.
Previous research (Lakshminarasimha et al., 1994) found that if roughness increased from 55 to 120 μm, fuel consumption rate increased 0.13%, mass flow decreased 5% and efficiency decreased 2.5%. Another study (Kurz and Brun, 2001) found that rotor blade roughness increased from 4 to 8 μm and stator blade roughness increased to 8 μm after long time operation. Researcher (Zwebek, 2002) demonstrated that mass flow decreased 5% and fuel consumption rate increased 2.5% because of fouling.
Some researchers simulated the effect of surface roughness on performance by adding constant surface roughness. But experiments showed that fouling level is not uniform along chord length and blade span, so above methods can't reflect the real status of fouled compressor. In this study, reverse design method is applied to reconstruct solid model of fouled compressor and then flow simulation is implemented based on reconstructed solid model in order to reveal the real effect of surface roughness on performance parameter.
MATHEMATICAL MODEL
This study chooses NASA rotor37 as study object, its detailed design parameters are as following: The geometry of rotor37 is shown in Fig. 1 . This study simulates the flow field of axial flow compressor by using ANSYS CFX. In this simulation, J-grid is chosen and grid node number is 25 million. And then SST model is chosen as turbulent model. The grid node is refined in stream wise location near to wall and the computational model of clean rotor37 is shown in Fig. 2 . Finally, compressor inlet boundary is given by mass flow rate (20.19 kg/s) and outlet boundary is given by static pressure (Zhou and Wang, 2007; Wang et al., 2009; Li et al., 2007) .
SIMULATION ANALYSIS OF DIFFERENT BLADE SURFACE ROUGHNESS DISTRIBUTION
Constant blade surface roughness: Assuming blade surface roughness is uniform in whole blade; flow simulation is implemented by ANSYS CFX based on three different surface roughnesses such as 50, 100 and 150 μm, respectively. Simulation result is shown in Table 2 . Simulation result shows that pressure ratio decreases 5.37%, temperature ratio decreases 0.49%, isentropic efficiency decreases 4.11% and output power decreases 3.69% when surface roughness increases from 0 to 50 μm. Pressure ratio decreases 5.9%, temperature ratio decreases 0.59%, isentropic efficiency decreases 4.53% and output power decreases 4.03% when surface roughness increases from 0 to 100 μm. Pressure ratio decreases 6.2%, temperature ratio decreases 0.61%, isentropic efficiency decreases 4.8% and output power decreases 4.17% when surface roughness increases from 0 to 150 μm. Simulation result simultaneously shows that thermodynamic performance parameter is dramatically reduced when blade is rough. Linear distribution of surface roughness: Figure 3 shows the fouling on the IGV surface from the gas turbine. Fouling is not uniform in whole blade, so blade surface roughness is not constant and above result doesn't accurately reflect the real status of fouled compressor. Experiment found that contaminant particles are easily deposited on the blade root and fouling in suction surface is more severe than in pressure surface. At the same time, particles are more easily deposited in leading edge. Based on experiment result, assuming blade surface roughness in section at specified span is linear distributed from leading edge to trailing edge. Surface roughness, often shortened to roughness, is a measure of the texture of a surface. It is quantified by the vertical deviations of a real surface from its ideal form. If these deviations are large, the surface is rough; if they are small the surface is smooth. There are many different roughness parameters such as Ra, Rz, Rq, but profile arithmetic average is by far the most common which is shown in Fig. 4 . The formula is shown in Eq. (1) According to Eq. (1), assuming surface roughness of leading edge is, respectively 50, 100, 150 μm; point coordinate of blade section is computed. And then, solid model is constructed. The simulation result is shown in Table 3 .
Simulation result shows that the decrease of thermodynamic performance parameter when surface roughness is linear distribution is less than when surface roughness is constant. It can more accurately reflect actual situation of fouled compressor.
The application of reverse design method: Reverse design method is a modern design method to create a 3D virtual model of existing physical part or mechanical system. The reverse design process involves measuring an object using 3D scanning technologies such as coordinate measuring machine, laser scanners and then reconstructing it as a 3D solid model based on measured data. Because the geometry compressor blade is irregular, traditional contact measure method is difficult to measure it. At the same time, blade surface can be scratched by contact measure method (Chen et al., 2003 (Chen et al., , 2004 (Chen et al., , 2005 .
Laser triangulation is a non-contact active vision measurement method which has many advantages such as no influence on object surface, high precision, simple structure and strong anti interference ability. Laser triangulation sensor is mounted before the compressor inlet of compressor fouling test rig to measure rotor blade profile parameter online. This study analyzes the change of thermodynamic performance parameter when compressor is operated for 20 h. Point clouds measured from sensor are reconstructed into solid model and then imported into ANSYS CFX to implement flow simulation. Simulation result shows that that pressure ratio decreases 0.97%, temperature ratio decreases 0.05%, isentropic efficiency decreases 0.77% and output power decreases 0.52% when test rig is operated for 20 h. Table 4 shows the detailed performance parameter of clean compressor and Table 5 shows the detailed performance parameter of fouled compressor. From this table can be seen that pressure and temperature at leading edge and trailing edge of fouled compressor are 
CONCLUSION
Simulation analysis found that the effect of surface roughness on performance parameter is as following:
• Different distribution of surface roughness can result in different variation of performance parameters.
• Then increase of surface roughness may cause the decrease of pressure ratio, mass flow, efficiency.
• Reverse design method can be applied to reconstruct fouled compressor and simulate flow field. And this method can accurately reflect the true status of fouled compressor. 
